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The incidence of malignant melanoma has shown a dramatic increase over the past three decades. Patient
outcome and curability depend on early diagnosis. In vivo multiphoton laser tomography represents a recently
developed diagnostic tool that allows non-invasive tissue imaging. We aim to demonstrate the application of
multiphoton laser tomography for the in vivo differentiation and diagnosis of melanoma. Laser radiation
in the near infrared spectrum was used to image endogenous fluorophores by multiphoton excitation.
Eighty-three melanocytic skin lesions have been investigated. The results showed distinct morphological
differences in melanoma compared with melanocytic nevi. In particular, six characteristic features of malignant
melanoma were specified and statistically evaluated. Sensitivity values up to 95% (range: 71–95%) and specificity
values up to 97% (range: 69–97%) were achieved for diagnostic classification. Logistic regression analysis was
performed to identify the most significant diagnostic criteria. We found that architectural disarray of the
epidermis, poorly defined keratinocyte cell borders as well as the presence of pleomorphic or dendritic cells
were of prime importance. By means of this procedure accuracy values up to 97% were reached. These findings
underline the potential applicability of multiphoton laser tomography in melanoma diagnosis of melanocytic
skin lesions.
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INTRODUCTION
Over the past decades a dramatic increase in the incidence of
malignant melanoma has been reported (Garbe and Blum,
2001; Welch et al., 2005; Stang et al., 2007). Patient outcome
and curability depends on diagnosis and excision at early
stages of tumor progression. Despite extensive research
investigating the physical and morphologic characteristics
of melanoma, diagnostic accuracy remains suboptimal, with
values ranging from 56 to 81% (Morton and Mackie, 1998;
Dolianitis et al., 2005; Annessi et al., 2007). This situation
encourages extensive research on new technologies for early
melanoma detection. Several non-invasive techniques, such
as ultrasound (Harland et al., 2000), magnetic resonance
imaging (Pennasilico et al., 2002), optical coherence
tomography (Gambichler et al., 2007) and confocal laser
scanning microscopy (Langley et al., 2007) have evolved.
Imaging tools with high resolution, short acquisition
time, and good applicability are of prime importance. In this
sense, one of the most promising and fast developing
technologies in the field of optical sectioning is multiphoton
laser tomography (MLT). This method allows non-invasive
tissue screening with subcellular spatial resolution. MLT is
based on multiphoton excitation (Goeppert-Mayer, 1931).
Endogenous fluorophores such as NAD(P)H (nicotinamide
adenine dinucleotide (phosphate)) coenzymes, flavins,
metal-free porphyrins, lipofuscin, melanin, elastin, collagen,
and keratin are the primary source of tissue fluorescence
(Masters and So, 1999; Koenig and Riemann, 2003;
Zipfel et al., 2003). In recent years, MLT became a promising
procedure with a broad range of biomedical applica-
tions (Koenig, 2008). Various studies on tissue engineering
(Schenke-Layland et al., 2006), in vivo drug monitoring
(Koenig et al., 2006), skin aging (Koehler et al., 2008)
as well as dermatological disorders (Riemann et al.,
2005; Paoli et al., 2008) underline the excellent imaging
capabilities.
In this paper, we report about the potential use of MLT in
melanoma diagnosis. We performed a prospective and
observer-blinded study on melanocytic skin lesions to
examine the clinical applicability of multiphoton laser
tomography with regard to statistical evaluation of sensitivity,
specificity, accuracy, and reliability.
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RESULTS
Preliminary study
In the preliminary study, the fluorescence appearance of
healthy skin, melanocytic nevi and melanoma was
evaluated on 15 biopsies and compared with histopathology.
Distinct diagnostic fluorescence features of melanoma were
specified.
Comparison of MLT with histopathology. Two-photon
excitation of naturally occurring endogenous fluorescent
biomolecules induced a weak autofluorescence. Fluores-
cence photons were collected by a single photon counting
signal detection system (photomultiplier tube) and processed
to intensity-coded images. In general, MLT images corre-
spond to histopathological sections in the horizontal plane
(Figure 1). To improve comparability, vertical fluorescence
intensity images were correlated with standard histology
(Figure 2). In relation to the preparative protocol, all excised
lesions were sectioned and stained with hematoxylin-eosin
(HE). For a better comparison with MLT-featured details a set
of sections underwent special immunohistochemical staining
techniques such as Melan A, CD 1a, and S100. Comparison
was performed by evaluating nuclear, cellular, morphologi-
cal, and architectural features of MLT images and histopatho-
logical sections.
En face view
Optical section I
Optical section II
Optical section III
Optical section I
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Figure 2. Comparison of MLT sections with routine histology in the vertical plane. This image set illustrates the en face view of MLT images (c–e) exemplified
on a vertical optical section (a) and histopathological HE-stained section (b) of a melanocytic nevus. Optical sections (black lines) were typically taken in the
horizontal plane. Each image represents different epidermal cell layers—stratum spinosum (c), stratum spinosum/basale with a cluster of nevomelanocytes (d)
and the basal layer with a cross sectioned dermal papillae (P) and surrounding nevomelanocytes (e). ex vivo, scale bar: 40mm.
Figure 1. Horizontally sectioned biopsy specimens. MLT images in the
horizontal plane (a and c) correlate well to the corresponding HE-stained
histology sections (b and d). ex vivo, P: dermal papillae with surrounding
melanin containing cells, scale bar: 40 mm.
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Fluorescence features of healthy skin. Optical sectioning by
MLT enables non-invasive tissue screening in the horizontal
plane. Our results were in line with previous MLT studies
of human skin (Koenig and Riemann, 2003). As seen in
Figure 3a, the stratum corneum is characterized by polygonal
enucleated corneocytes. Owing to a high concentration of
the endogenous fluorophore keratin this layer appeared
bright with strong contrast (Figure 3b). Here, 20 mm below
the surface, the stratum granulosum was visualized showing
round to oval cells with fluorescent granules and dark nuclei
(Figure 3c). Keratinocytes were morphologically similar in
shape and brightness. Focusing deeper into the skin the
spinous layer appeared. Despite dense cell formation and
decreasing cell diameter, keratinocytes could be clearly
separated (Figure 3d). At depths of 50–100 mm below the
surface, the innermost epidermal cell layer (stratum basale)
was found (Figure 3e). Basal keratinocytes appeared as small
and polygonal cells with dark nuclei. Focusing below the
dermoepidermal junction, dark and oval areas were observed
interrupting the stratum basale. These areas corresponded to
the connective tissue of the papillary dermis and became
larger with increasing tissue depth (Figure 3f).
Fluorescence features of melanocytic nevi. Melanocytic nevi
were characterized by monomorphic and regular histoarch-
itecture, evenly distributed keratinocytes, well defined cell
borders and rarely seen dendritic cells. In contrast to healthy
skin, nevus cell nests were found at the dermoepidermal
junction. Melanocytes (nevomelanocytes) were typically visua-
lized as small and sickle-shaped cells (Figure 4). They showed a
strong autofluorescence due to the endogenous fluorophore
melanin (Teuchner et al., 2003; Huang et al., 2006).
Fluorescence features of melanoma. Distinct morphologic
changes could be predominantly detected in the upper
epidermal layers such as stratum corneum, granulosum,
and spinosum. Starting from the surface, oval bright and
homogenously fluorescent cells were found within the
stratum corneum (Figure 5a). The distribution of these
cells was similar to those of ascending melanocytes
observed in histopathological sections. Focusing deeper into
the skin, obvious changes in tissue architecture were
observed. Both stratum granulosum and spinosum showed
large intercellular distance and poorly defined keratinocyte
cell borders (Figure 5b–d). Pleomorphic and irregularly
shaped cells as well as cell fragments were localized
Figure 3. Multiphoton-induced autofluorescence intensity imaging of healthy
human skin with subcellular resolution. Optical sections (a, c–f) were captured at
the same skin site, but at different tissue depths showing the stratum corneum (a),
the granular layer (c), the stratum spinosum (d) and the dermoepidermal junction
(e and f) with weakly fluorescent dermal papillae (P) and peripapillar basal cells.
ex vivo, scale bar: 40mm. Epidermal cells (c–f) appear well demarked with
fluorescent cytoplasm and dark nuclei. Depending on the skin site, the stratum
corneum shows different fluorescent structures (a and b), for example,
wrinkles (W).
Figure 5. Optical sectioning of malignant melanoma. Ascending highly
fluorescent melanocytes (white arrows) appear within the upper epidermal
layers, for example, stratum corneum (a). Large intercellular distance and
poorly defined keratinocyte cell borders characterize the granular (b) and
spinous layer (c and d). Cell fragments, pleomorphic cells (asterisk) and
dendritic structures (white arrows) were frequently found in the stratum
spinosum (c and d). in vivo, scale bar: 40mm.
Figure 4. Multiphoton laser tomography of melanocytic nevus. Highly
fluorescent cell clusters at the basal layer (a) as well as in peripapillar
configuration (white arrow) at the dermoepidermal junction (b) were found.
Single cells often appear sickle shaped (a). ex vivo, P: dermal papillae, scale
bar: 40 mm.
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in all epidermal layers, mostly within the stratum spinosum
(Figure 5b–d). Furthermore, dendritic cells with long and
highly fluorescent branching structures were frequently found
(Figure 5c and d).
From these observations, six criteria (architectural dis-
array, pleomorphic cells, poorly defined keratinocyte cell
borders, large intercellular distance, ascending melanocytes,
and dendritic cells) have been specified for the evaluation of
melanoma.
Main study
In the main study, specified fluorescence features of
melanoma were evaluated on 83 patients. In all, 42 of them
where investigated both in vivo and ex vivo, 11 only in vivo
and 30 only ex vivo. Afterwards, statistical analyses were
performed to determine sensitivity, specificity, accuracy, and
reliability of MLT.
Sensitivity and specificity of melanoma features (diagnostic
criteria). The occurrence of each diagnostic morphologic
feature was assessed by four independent observers
and statistically evaluated. Large intercellular distance
was found to be the criterion with the highest overall
sensitivity value of 80% and the lowest overall specificity
of 75%. On the other hand dendritic cells showed
the best overall specificity with 96% and the lowest overall
sensitivity of 43% (Table 1). Interestingly, all features showed
higher ex vivo sensitivity in comparison with the in vivo
sensitivity.
Sensitivity and specificity of MLT for melanoma diagnosis.
Our purpose was to rate the diagnostic performance of four
observers for benign versus malign classification by means of
MLT. All specified melanoma features were taken into
account for diagnostic decisions. The overall sensitivity was
75% in vivo (range: 71–76%) and 93% ex vivo (range:
90–95%). A higher diagnostic performance could be
achieved in the ex vivo subgroup. Furthermore, a specificity
of 80% (range: 72–97%) was reached in vivo and 74% (range:
69–86%) ex vivo (Table 2).
Logistic regression analysis. After observer evaluation, binary
logistic regression analysis was performed. The results
pointed out that architectural disarray, poorly defined
keratinocyte cell borders, pleomorphic cells, and dendritic
cells performed best and should be taken into account for
diagnostic decisions. By means of logistic regression analysis
up to 85% of the in vivo and 97% of the ex vivo lesions were
correctly classified (accuracy). Interestingly, we found that
the evaluation of only two or three significant features led to
sensitivity and specificity values comparable with those
achieved by the assessment of all diagnostic criteria.
Table 1. Sensitivity and specificity of melanoma features.
Sensitivity Specificity
Melanoma features
In vivo
(%)
CI (±)
(%)
Ex vivo
(%)
CI (±)
(%)
Overall
(%)
CI (±)
(%)
In vivo
(%)
CI (±)
(%)
Ex vivo
(%)
CI (±)
(%)
Overall
(%)
CI (±)
(%)
Large intercellular
distance
65 10 94 5 80 6 85 6 69 6 75 5
Pleomorphic cells 65 10 87 7 76 6 86 6 80 5 82 4
Architectural disarray 58 11 92 6 75 7 97 3 88 4 91 3
Poorly defined cell
borders
65 10 83 8 74 7 89 5 81 5 84 4
Ascending melanocytes 48 11 83 8 65 7 83 7 78 6 80 4
Dendritic cells 39 10 48 11 43 7 97 3 96 3 96 2
CI, symmetric confidence interval.
Table 2. Sensitivity and specificity of observer classification
Sensitivity Specificity
Observer
In vivo
(%)
CI (±)
(%)
Ex vivo
(%)
CI (±)
(%)
Overall
(%)
CI (±)
(%)
In vivo
(%)
CI (±)
(%)
Ex vivo
(%)
CI (±)
(%)
Overall
(%)
CI (±)
(%)
Observer 1 76 18 95 9 86 11 97 6 86 9 90 6
Observer 2 76 18 90 13 83 11 75 15 71 13 72 10
Observer 3 71 19 90 13 81 12 72 16 69 13 70 10
Observer 4 76 18 95 9 86 11 75 15 71 13 72 10
Overall 75 18 93 11 84 11 80 13 74 12 76 9
CI, symmetric confidence interval.
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Interobserver agreement. To establish the interobserver
agreement (reliability), each feature was analyzed by kappa
statistics (Figure 6). The results showed a good reliability of all
criteria with kappa values ranging from 0.6 to 0.8.
DISCUSSION
MLT enables high resolution optical sectioning based on
multiphoton-excited tissue autofluorescence. In contrast to
other non-invasive imaging techniques (Marghoob et al.,
2003), MLT offers the unique opportunity to investigate skin
structures with subcellular spatial resolution similar to those
of light microscopy.
This is, to our knowledge, the first clinical in vivo study of
benign and malign melanocytic skin lesions using the
imaging device DermaInspect. We investigated distinct
morphologic features of malignant melanoma in contrast to
benign nevi and control skin. In particular, ascending
melanocytes, architectural disarray, large intercellular dis-
tance, poorly defined keratinocyte cell borders, cell pleo-
morphism, and the presence of dendritic cells were
discovered as typical and suggestive criteria of melanoma.
We have to discuss that these criteria were not only found in
melanoma cases but also in melanocytic nevi, primarily
dysplastic nevi. Systematic examination of 83 patients
showed that all specified features could be reliably found in
histopathologically verified cases of melanoma. Most fluor-
escence patterns associated with epidermal and dermal
structures were consistent with histopathological features
inspected by conventional microscopy. However, criteria
such as large intercellular distance and poorly defined
keratinocyte cell borders were observed with MLT but not
with routine histology. A possible explanation for this
observation is that keratinocytes lost their metabolic activity
due to apoptotic or necrotic processes. Thus endogenous
fluorophores like NAD(P)H, a product of cellular metabolism,
disappeared as evidenced by the reduced contrast. Despite
good correlation of fluorescent and histopathological features,
particular cell types remained unclassified. Therefore, a
conclusive identification of dendritic cells (for example,
melanocytes, Langerhans cells) should be part of future studies.
Furthermore, we investigated the sensitivity and specificity
of MLT in melanoma diagnostics. The fact that all observers
reached a better sensitivity performance by analyzing the ex
vivo data in comparison with the in vivo data indicates a
better image quality due to optimal acquisition conditions (no
surface irregularities, no motion artifacts, higher laser power)
during the ex vivo measurement. Our results pointed out a
sensitivity of 84% (overall) and a specificity of 76% (overall).
The best diagnostic performance was achieved by the most
MLT-experienced observer (observer 1) with sensitivity and
specificity values of 86 and 90% (overall). This finding
underlines the necessity of intensive training to become
proficient in MLT. In contrast, physicians specialized in the
evaluation of pigmented skin disorders by dermoscopy-
reached sensitivity values of 75–96% and specificity values
of 79–98% (Westerhoff et al., 2000; Bafounta et al., 2001).
Indeed, dermoscopy by untrained or less experienced
observers is not better than clinical inspection with the
unaided eye (Kittler et al., 2002). Our results were compar-
able to those reported for reflectance confocal microscopy
with a sensitivity of 97% and a specificity of 83% for the
in vivo differentiation of melanocytic nevi and malignant
melanoma (Langley et al., 2007).
Logistic regression analysis was performed to separate the
most significant diagnostic criteria combinations. We found
that architectural disarray, poorly defined keratinocyte cell
borders, pleomorphic cells as well as dendritic cells showed
best results and should be used primarily for diagnostic
decision. That way accuracy values up to 97% were reached.
Former studies reported accuracy values up to 81% for
diagnosis of melanocytic lesions by means of dermoscopy
(Dolianitis et al., 2005; Annessi et al., 2007).
Regarding the generally known damage potential of
pulsed laser sources, we can state that MLT could be
effectively applied to a patient without noticeable side
effects. Fischer et al. (2006) showed that the application of
a 30mW fs-pulsed laser source combined with horizontal
scans every 5 mm in depth causes no DNA damage at the
dermoepidermal junction. Even at 60mW, which is a higher
laser power than used in the present study, the DNA damage
is comparable to a UV-irradiation of only 0.6 minimal
erythema dose.
Although this technique holds great promise, there are
some limitations at the current state of development.
Examination is limited to a tissue depth of 200 mm, which
corresponds to the papillary dermis. Therefore, melanoma
thickness or tumor invasion depth could not be determined.
However, these parameters are related to late-stage tumor
progression and consequently irrelevant for early diagnosis of
melanoma. As optical imaging by MLT is limited to a small
scan field, the overall investigation of the lesion requires
several image stacks of different skin sites. Furthermore, some
regions with surface irregularities (for example, articulations,
ears, intertrigines) were currently found to be unsuitable for
MLT investigation.
The results of the current study provide a set of well
described and statistically evaluated morphologic features for
early melanoma diagnosis. MLT supports physicians with
useful and reliable information and might be able to improve
the diagnostic performance evaluating melanocytic skin
lesions deemed to be suspicious by visual inspection. These
findings as well as the short acquisition time of 10–15minutes
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Figure 6. Interobserver agreement (reliability).
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underline the potential applicability of MLT for early mel-
anoma diagnosis, treatment control and follow up manage-
ment of melanocytic skin lesions in everyday practice.
MATERIALS AND METHODS
Study design
The study was divided in two parts, an ex vivo preliminary study and
a main clinical study. In the preliminary study, 15 biopsies were
investigated to characterize distinct fluorescence criteria of malig-
nant melanoma in contrast to melanocytic nevi and healthy skin.
In the main study, the specified criteria were evaluated on a
larger number of lesions. Therefore, we performed in vivo and ex
vivo MLT examination on 100 melanocytic skin lesions. In regions
with a thick stratum corneum (for example, palm, sole) or surface
irregularities (for example, articulations, ears, intertrigines) as well as
in the case of motion artifacts (for example, fidgety or fretful patients)
imaging could not be applied sufficiently. Thus, lesions of 83
patients remained for evaluation and statistical analyses. Forty-two
of these lesions were examined both in vivo and ex vivo. Owing to
technical and organization reasons, 11 lesions were examined
in vivo only and 30 ex vivo only.
After completion of the image acquisition in the framework of the
main study, four independent dermatologists (one consultant, three
residents), three without previous experience in MLT, received a
60min lecture about the laser system DermaInspect and typical
diagnostic criteria of melanocytic skin lesions. Characteristic
features of malignant melanoma in comparison to melanocytic nevi
were explained and demonstrated on 20 sample images from the
preliminary study. Previously trained dermatologists had to estimate
the presence or absence of each of the diagnostic criteria and to
classify 83 lesions in an observer-blinded manner. These data were
compared with the final histopathological diagnoses.
Statistical analysis
Sensitivity, specificity, accuracy, and reliability were assessed by
statistical analyses. Furthermore, the normal approximation interval
was used to determine a 95% binomial confidence interval for the
proportion in the whole population. To objectively evaluate the
diagnostic power of feature combinations, binary logistic regression
analysis was performed. That way, significant diagnostic criteria
were identified using SPSS 14.0 (SPSS Inc., Chicago).
Subjects
In total, 115 patients (64 males, 51 females, age range: 5–84 years)
with suspicious pigmented skin lesions suggestive of melanoma were
investigated in the preliminary and the main study. They were
recruited from the Department of Dermatology, Friedrich Schiller
University, Jena, Germany in conformity with the Declaration of
Helsinki over a period of 1.5 years. The study was further approved
by the Ethics commission of the Friedrich Schiller University Jena.
All patients were informed about the procedure and the risks
concerning the use of multiphoton laser tomography and gave
written, informed consent.
Distribution of diagnoses
The preliminary study was comprised of 15 biopsies, including eight
melanomas, six melanocytic nevi and one seborrheic keratosis. All
biopsies were histopathologically verified.
The main study was comprised of image sets of 83 patients.
Histopathological diagnoses included 26 melanomas, among them
eight in situ melanomas. None of them was amelanotic. The mean
Breslow thickness was 1.79mm (thickness range: 0.3–11mm).
Moreover, 49 melanocytic nevi were diagnosed, including three
blue nevi and one spindle cell nevus. The non-melanocytic lesions
comprised three seborrheic keratoses, one dermatofibroma, one
morphea, and one scar.
All patients underwent dermatoscopic evaluation. Two lesions
were not excised and therefore did not receive histopathological
assessment. They were classified as melanocytic nevi by means of
clinical and dermatoscopic examination.
Multiphoton laser tomography
MLT was performed with the CE-marked and commercially available
imaging system DermaInspect (JenLab GmbH, Jena, Germany)
(Figure 7). This device utilizes a mode-locked, 80MHz, Ti:S
(titanium sapphire) MaiTai laser (Spectra Physics, Mountain View,
USA) with a tuning range of 750–850 nm. By intense near infrared,
femtosecond laser pulses in combination with  40 focusing optics
(Zeiss, Jena, Germany, NA¼ 1.3/oil (Immersol 518 N), working
distance: 200mm) multiphoton excitation of endogenous fluoro-
phores can be achieved. In this work, excitation was primarily
induced by two-photon processes. Fluorescence photons have been
detected by a photomultiplier tube (PMT) (Hamamatsu Photonics,
Hamamatsu City, Japan). The laser system DermaInspect provides
intra tissue scanning up to 200mm depth with subcellular spatial
resolution (horizontalo1mm, verticalo2mm). For in vivo measure-
ments a magnetic adapter ring with a special 0.17-mm-thick glass
window was fixed directly onto the area of interest with double-
sided adhesive tape. Optical sections were taken in different tissue
depths up to 100 mm and more with an axial distance of 10mm in the
horizontal plane. Scanning was performed with single scans of
4–13 seconds and a laser mean power of 5–35mW at the target area
corresponding to the tissue depth. An excitation wavelength of
760 nm induced strong cellular fluorescence within the epidermis.
The scan field was adjusted to 200 200mm2.
With the aid of special biopsy chambers (MiniCem-biopsy,
JenLab GmbH, Jena, Germany) excised skin lesions were imaged
before routine histopathological investigation within 30minutes after
excision. Scanning was performed in accordance with the in vivo
parameters. Only laser power was increased up to 50mW at the
target area corresponding to the tissue depth.
PMT
detector
Filter
Beam
expander
Scanning
unit Ti:Sa laserDichroic
mirror
Objective
Sample
Figure 7. Key components of the DermaInspect system.
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